Abstract. A mesoporous metal-organic framework Cu 3 (PTB) 2 (H 2 O) 3 Á guest (denoted as SUMOF-5) has been synthesized using a new tritopic linker pyridine-2,4,6-tribenzoic acid (H 3 PTB). SUMOF-5 is cubic with the space group Fm 3 3m and a ¼ 47.272(3) Å . The framework is built of the dicopper paddle-wheel secondary building unit (SBU) [Cu 2 (OOC) 4 (H 2 O) 2 ] and contains two different cavities of 1.22 and 2.33 nm in diameter, respectively. The framework topology follows the (3,4)-connected tbo net, and can be regarded as an extended version of Cu 3 (BTC) 2 (H 2 O) 3 Á guest (HKUST-1, BTC ¼ benzene tricarboxylate). The structure of SUMOF-5 is compared to other MOFs built from dicopper paddle-wheels and tritopic linkers. SUMOF-5 has permanent porosity with a Langmuir surface area of 1733 m 2 /g and is stable in various organic solvents, which makes this material potentially useful as a crystalline carrier for loading molecular catalysts or drugs.
Introduction
Metal-organic frameworks (MOFs) built of polyatomic inorganic clusters as the nodes and multitopic organic ligands as the linkers are a novel class of porous crystalline materials with numerous potential applications in gas storage, separation, catalysis, ion-exchange, and drug delivery [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . One challenge is to design and synthesize MOFs consisting of extra-large pores with pore sizes > 2 nm, an important feature for applications in catalysis and drug delivery [13, 14] . The extra-large pores are essential for anchoring molecular catalysts or hosting large drug molecules.
A common concept of tuning the pore size in MOFs is isoreticular expansion of known materials with a given topology by using extended versions of the organic linker. This is successfully demonstrated by so-called isoreticular synthesis of MOFs [14] [15] . Among the vast number of MOFs reported, HKUST-1 (Cu 3 (BTC) 2 (H 2 O) 3 Á guest) is prominent due to the wide range of applications in catalysis, gas storage, proton conductivity etc. [16] [17] [18] [19] . HKUST-1 is built of dicopper paddle-wheel cluster as the node and benzene tricarboxylate (BTC) as the linker, and has a (3,4)-connected tbo topology (RCSC code) [20, 21] . To our knowledge, two other MOFs with the tbo topology were synthesized using longer tritopic linkers. They are PCN-6 0 with 4,4 0 ,4 00 -s-triazine-2,4,6-triyl-tribenzoate (TATB) as the linker [22] and MOF-399 with 4,4 0 ,4 00 -(benzene-1,3,5-triyl-tris(benzene-4,1-diyl))tribenzoate (BBC) as the linker [23] . Interestingly, if a related linker, 4,4 0 ,4 00 benzene-1,3,5-triyl-benzoate (BTB) where the three N atoms in TATB are replaced by carbon, was used as the linker, MOFs with a different topology were obtained. These are MOF-14 (with interpenetration) and MOF-143 (without interpenetration), both have the pto topology, which is another (3,4)-connected net [24] .
Here we report the synthesis and characterization of SUMOF-5, a new member of the isoreticular HKUST-1 family with the tbo topology, based on a new linker pyridine-1,3,5-tribenzonic acid (H 3 PTB) [25] . Scheme 1 compares five different tritopic ligands, where H 3 BTC is the smallest and H 3 BBC the largest. The other three have a similar size but contain different numbers of nitrogen atoms in the central ring; zero for H 3 BTB, one for H 3 PTB and three for H 3 TATB. We choose H 3 PTB as the linker because the pyridine core in H 3 PTB may be used for postmodification. For example, 2,4,6-triphenylpyridine can form complex adduct with lithium metal [26] or cyclometalated complexes with Au(III) [27] .
2.1.1 Synthesis of pyridine-2,4,6-tribenzoic acid (H 3 PTB)
2,4,6-tri-p-tolyl-pyridine, the precursor of H 3 PTB, was synthesized according to the Ref. [28] . A mixture of 2,4,6-tri-p-tolyl-pyridine (1.0 g, 2.85 mmol), water (6 ml) and concentrated HNO 3 (1.5 ml) was transferred into a Teflon-lined stainless steel autoclave, which was heated at 180 C for 48 h to form H 3 PTB (1.21 g). H 3 PTB was used without further purification. . It is worth mentioning that no product was formed at lower reaction temperature, for example after the mixture being heated for two weeks at 100 C. The resulting SUMOF-5 was collected by decanting the hot solution and washing with fresh DMF and finally kept in ethanol. Elemental analysis (wt%) found for the evacuated sample [Cu 3 (PTB) 2 
Powder X-ray diffraction (PXRD)
PXRD data was collected at a scan speed of 0.5 (2q)/min on a PANalytical X'Pert Pro diffractometer equipped with a Pixel detector using CuK a (l ¼ 1.5418 Å ) radiation. The samples were ground and sealed in capillaries.
Structure determination by single crystal X-ray diffraction
Single crystal X-ray diffraction data was recorded at room temperature on an Oxford Diffraction Xcalibur 3 diffractometer equipped with a CCD camera using MoK a radia-324 Q. Yao, J. Su and X. Zou Goodness-of-fit on F 2 1.019
1712 Largest diff. peak and hole 0.145 and À0.158 e Á Å tion (l ¼ 0.71073 Å ) from an enhanced optic X-ray tube. Data reduction was performed using the CrysAlisPro software package. Multi-scan absorption correction was applied. The structure was solved by direct methods. All non-hydrogen atoms were located directly from the difference Fourier maps. Framework hydrogen atoms were placed geometrically and allowed to ride on their parent atoms. Final structure refinement was carried out using the SHELX97 program [29] by minimizing the sum of the squared deviations of F 2 using a full-matrix technique. Due to the high framework symmetry and large pore size of SUMOF-5, it was not possible to allocate the guest molecules (DMSO and H 2 O), which are disordered in the pores. The PLATON/SQUEEZE program was then used to remove the scattering contribution from the disordered guest molecules and to produce the solvent-free diffraction intensities, which were used in the final structure refinement [30] . Due to the large fractional pore volume, the intensity and resolution of the diffraction data were rather poor as indicated by the low I/s, high R int and low max 2q angles. These also resulted in relatively high Rvalues in the final refinement. A summary of the crystal data and structure refinement of SUMOF-5 is given in Table 1 .
Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) was performed on a Perkin Elmer TGA 7 analyzer to study the thermal stability and quantify the solvent guest molecules present in SUMOF-5. The as-synthesized SUMOF-5 sample was heated from 30 C to 500 C at a heating rate of 10 C/min in a platinum holder under a continuous flow of dry air.
2.5 N 2 sorption isotherm at 77 K N 2 adsorption-desorption isotherm was recorded at 77 K on a Micromeritics ASAP2020 analyzer. The sample for N 2 sorption was exchanged with absolute ethanol, 20 mL Â 5 times for 5 days. The SUMOF-5 was activated by heating at 80 C overnight or using supercritical carbon dioxide. The specific surface area was calculated from the data in the adsorption branch at p/p 0 ¼ 0.05-0.30. The total pore volume was calculated from the uptake at p/p 0 of 0.990. The pore size distribution was calculated by Non-local Density Functional Theory (NLDFT) using the cylinder model.
Results and discussion
Solvothermal reaction of Cu(NO 3 ) 2 Á 3 H 2 O with H 3 PTB in DMSO affords crystalline SUMOF-5 with the composition of Cu 3 (PTB) 2 (H 2 O) 3 Á (guest) x . Single-crystal X-ray diffraction shows that SUMOF-5 crystallizes in the cubic space group Fm 3 3m with a ¼ 47.272(3) Å . The asymmetric unit of SUMOF-5 contains one copper ion at the 48h position, two oxygen atoms with one in a general position and another at the 48h position, and seven C/N atoms with five of them at the 96k position (C1--C4, C7) (Fig. 1a) . One position is shared by C3 and N3, with the occupancy of 0.667 and 0.333, respectively. The carbon atoms C5 and C6 are both disordered in two positions with the occupancy of 0.5 for each position. The copper ion is coordinated to five oxygen atoms in a square pyramid CuO 5 , of which four are from the carboxylate groups of four PTB ions and one from a water molecule. The carboxylate groups bridge two CuO 5 square pyramid together to form a dicopper paddle-wheel secondary building unit (SBU) [Cu 2 (O 2 C) 4 (H 2 O) 2 ] (Fig. 1a) , which connects four PTB linkers (Fig. 1b) .
In the framework of SUMOF-5, each PTB linker connects to three dicopper paddle-wheel SBUs to form a T doctahedron with four ligands occupying alternating triangular faces of the octahedron (Fig. 2a) . The SBUs are located at the vertices of the T d -octahedron. The octahedral building units are further connected through corner sharing of the SBUs to form a cubic framework. The underlying topology of SUMOF-5, as obtained by TOPOS [31] , is a (3,4)-connected augmented tbo net (Fig. 2b) , which is identical to the topology of HKUST-1 [13] , PCN-6 0 [22] and MOF-399 [23] (Fig. 3) . The framework of this type contains two kinds of cavities; a small cavity inside the T d -octahedral unit and a large cavity of a 3 8 4 6 cuboctahedron at the body centre of eight octahedral units. The large 3 8 the vertex to the opposite edge) and six square windows of 19.4 Å in size (measured by the C . . . C distance across two opposite edges). Void analysis using PLATON indicates that the guest-accessible volume in SUMOF-5 is 86% of the total volume. Without removal of the water molecules coordinated to the metals, the large cavity can accommodate a sphere with the diameter up to 11.0 Å for HKUST-1, 23.3 Å for SUMOF-5 and 38.0 Å for MOF-399, while the small cavity can accommodate a sphere up to 5.2 Å for HKUST-1, 12.2 Å for SUMOF-5 and 18.8 Å for MOF-399 (Fig. 3) .
It is worth noting that despite the minor difference between the PTB and BTB linkers, their assembly with dicopper paddle-wheel SBUs give two distinct framework topologies, with the tbo net for SUMOF-5 and the pto net for MOF-143 [23] . This is because the BTB anion in MOF-143 is quite twisted due to the steric hindrance between H atoms of central and peripheral benzene rings. The torsion angle between the two benzene rings is 34.63 . In contrast, the PTB anion in SUMOF-5 is relatively flat, because there is no steric hindrance between the central pyridine ring and the 2,6-substituent benzene rings. This also explains why SUMOF-5 has a similar structure as PCN-6 0 [22] which is built by the planar tritopic TATB (Fig. 4) . However, due to the steric hindrance between the central pyridine and the 4-substituent benzene ring, the torsion angle in SUMOF-5 (18.36 ) is significantly larger than that of PCN-6 0 (1.93 ) (Fig. 4) . TGA curve for SUMOF-5 is given in Fig. 5 . SUMOF-5 loses all solvents (DMSO and water) with a total mass loss of 56.2% before 300 C and gives an activated phase with chemical formula of Cu 3 (PTB) 2 . SUMOF-5 decomposed between 300 and 450 C to give 9.8% CuO. SUMOF-5 exhibit permanent porosity, as confirmed by nitrogen sorption at 77 K (Fig. 6a) . The nitrogen sorption isotherm exhibits the IUPAC type I shape at low p/p 0 that is characteristic of micropores, and the type IV shape at high p/p 0 represented by a desorption branch with a pronounced hysteresis loop, which is characteristic for capillary condensation taking place in mesopores [32] [33] [34] [35] . This indicates that the SUMOF-5 sample contains both micropores and mesopores. SUMOF-5 has a Langmuir surface area of 1733 m 2 /g, which is higher than that of MOF-14 (1502 m 2 /g) [24] , but less than that of PCN-6 0 (2700 m 2 /g) [22] . The total pore volume of SUMOF-5 obtained from the N 2 sorption is 0.849 cm 3 /g, of which 0.443 cm pore volume is much smaller than that calculated from the crystal structure (3.04 cm 3 /g), which indicates that the solvents still remained in the pores. The pore size distribution of this material was estimated from the nitrogen sorption isotherm using the NLDFT method based on the cylinder model, which shows a sharp peak at 11.6 Å and a broad peak centred at 97 Å (Fig. 6b) . The micropores centred at 11.6 Å matches the pore size of the small cavity in the framework. The large cavities may still be occupied by the guest molecules and are not accessible for N 2 molecules. The wide size distribution of mesopores is probably due to cracking of the SUMOF-5 crystals during the activation, which is also indicated by the peak broadening observed in the powder X-ray diffraction (PXRD) pattern of activated SUMOF-5 sample (Fig. 7) . The PXRD pattern of SUMOF-5 calculated from the structure model with guest molecules added in the large cavities shows a good agreement with the experimental PXRD patterns, as seen in Fig. 7 .
Notably, SUMOF-5 is stable in various organic solvents, such as DMF, CH 2 Cl 2 and EtOH. This feature together with its meso-pores and large window sizes makes it a potential carrier for loading large molecular catalysts or drugs. Furthermore, the 2,4,6-triphenylpyridine cores of the linkers are accessible and may be used for post modification, as described before.
Conclusions
We have successfully synthesized a novel mesoporous metal-organic framework, SUMOF-5, by employing a new tritopic linker pyridine-2,4,6-tribenzoic acid (H 3 PTB). Single crystal X-ray diffraction shows that SUMOF-5 is built of dicopper paddle-wheel clusters [Cu 2 (OOC) 4 (H 2 O) 2 ] that connect the PTB linkers to form a framework with a (3,4)-connected tbo topology. SUMOF-5 contains two different SUMOF-5: a mesoporous metal-organic framework with the tbo topology built from the dicopper paddle-wheel cluster Compared to MOF-143 that has the pto topology [23] and is built of the same dicopper paddle-wheel cluster and tritopic BTB linker, the presence of the nitrogen atom in the pyridine core in PTB gives less steric hindrance to the peripheral benzene rings and plays an important role for the formation of the tbo topology in SUMOF-5. SUMOF-5 has permanent porosity with both micro-and mesopores, and is stable in various organic solvents. The pyridine core of the linker is accessible and can be functionalized. These unique features make SUMOF-5 as an interesting carrier for loading molecular catalysts or drugs.
